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Abstract 
We analyzed the impact of nonlinear phase noise caused by Gorden-Mollenauer effect in single-channel return-to-
zero differential phase-shift-keying (RZ-DPSK) transmission in dependence of system bit rates, dispersion 
compensation schemes and different fiber types. The investigation is reported by simulating RZ-DPSK signals for 
3200km, taking into account penalties in Q-factor induced by nonlinear phase noise. From these simulation results, 
higher bitrate systems, system with pre-compensation schemes and system using stand single mode fiber 
transmission are more robust against nonlinear phase noise. Furthermore, by looking into the standard deviation of 
the signal intensity and phase for all sampling points within one-bit duration, we observed that optical noise can be 
washed out from the bit center during propagation. 
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1. Introduction 
In recent years, differential phase-shift keying (DPSK) with direct detection has become an attractive modulation 
format, mainly due to its improved receiver sensitivity and higher tolerance to linear and nonlinear effects as 
compared to conventional on-off-keyed (OOK) formats [1]. However, unlike OOK systems which are degraded by 
optical intensity fluctuations due to amplified spontaneous emission (ASE) from in-line optical amplifiers, the 
performance of DPSK systems can be limited by nonlinear phase noise [2]. Nonlinear phase noise occurs when 
optical intensity fluctuations are converted to optical phase fluctuations through self-phase modulation (SPM), 
which is the so-called the Gorden-Mollenauer effect [3]. This phase noise directly impacts the phase-encoded 
information and becomes a dominant degrading source for DPSK in the nonlinear transmission regime. 
Investigations reported in the past have discussed the characteristics of nonlinear phase noise and evaluated its 
impact on phase-shift-keyed transmission [4]-[8]. In this paper, we extend the analysis to various bit rates, different 
fiber types and dispersion compensation schemes to achieve a more systematic picture of nonlinear phase noise in 
DPSK transmission system.  
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By means of simulation, we report the investigation of the impact of Gorden-Mollenauer effect on different RZ-
DPSK signals with bit rates of 8Gbps, 10Gbps, 20Gbps and 40Gbps and compare nonlinear phase noise induced 
penalties for three dispersion compensation schemes: (A) post-compensation with some residual dispersion and 
additional compensation at the transmitter and receiver [4], (B) pure post-compensation, and (C) pre-compensation.  
2. Simulation model 
Fig.1 shows the simulation setup of a single-channel RZ-DPSK transmission system for investigating nonlinear 
phase noise caused by the Gordon-Mollenauer effect. The three dispersion compensation maps are also depicted 
there. The contribution of the nonlinear phase noise can be extracted by comparing two noise scenarios [4]: (i) 
Optical white Gaussian noise is added at the transmitter (WGNTx) or (ii) Optical white Gaussian noise is added at 
the receiver (WGNRx). The total transmission distance is 3200km and the system performance is estimated by the 
electrical Q-factors. We simulated both non-zero dispersion shifted fiber (NZDSF) and standard single mode fiber 
(SSMF) with dispersion coefficients D=4.5ps/(nm-km) and D=16ps/(nm-km), respectively. The fiber attenuation is 
0.2dB/km and the nonlinear coefficient of NZDSF and SSMF are the same. For scheme (A) shown in the right part 
of Fig.1, residual dispersion per span is 15.5ps/nm, the DCF at the transmitter is -256ps/nm. 
For (B) and (C), dispersion is completely compensated within each span. For all simulations, the net residual 
dispersion is set to be 0ps/nm and the signal is sent to an optical 2nd order Gaussian band-pass filter in front of the 
RX with bandwidth of 2*bit frequency. For bit rates of 8Gbps, 10Gbps, 20Gbps and 40Gbps, we adapted the 
corresponding OSNRs to 17dB, 18dB, 21dB and 24dB, to have comparison. 
 
 
 
 
Fig. 1. Simulation model for DPSK transmission system (upper), and used dispersion maps (lower)
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3. Results and discussion 
By artificially adding all noise at TX, the nonlinear phase noise coming from Gordon-Mollenauer effect is 
emphasized. In order to isolate the impact of the nonlinear phase noise, the difference of electrical Q-factors for 
adding noise at TX and adding noise at RX is calculated. Fig.2 (a)-(c) show the Q-penalties for all three dispersion 
schemes. Fig.2 (a) is the result of dispersion map (A). Fig.2 (b) and Fig.2 (c) show the Q-penalties of dispersion 
scheme (B) and (C), respectively. We restrict our investigation to the four given bitrates as higher data rates are 
unlikely to be implemented without using multilevel modulation formats. With dispersion scheme (A), the Q-
penalty starts increasing with increasing launch power at around -4dBm for both 8Gbps and 10Gbps. As the bit rate 
gets higher, such as 20Gbps and 40Gbps, the Q-penalty starts increasing at higher launch powers. This coincides 
with the fact that the system operates as pseudo-linear transmission at higher bit rates. Thus also Gordon-Mollenauer 
effect is reduced. In addition to bit rates, the dispersion map also plays an important role. For dispersion scheme (B) 
shown in Fig.2 (b), the evolution of Q-penalty behaves similarly to dispersion scheme (A), but is smaller due to the 
complete compensation of each span which leads to remaining pulse broadening and the SPM effect is not as strong 
as in dispersion scheme (A). For dispersion scheme (C), the point where Q-penalty is starting to increase slightly 
shifts by about 2dB toward higher launch powers. This implies that the pre-compensation scheme is more tolerant to 
the nonlinear phase noise than post-compensation schemes due to its higher robustness against SPM. 
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Fig. 2. Q-penalties of 8Gbps, 10Gbps, 20Gbps and 40Gbps for the different compensation schemes, simulated with NZDSF
Next, the influence of an alternative fiber type on the Q-penalties is investigated. For this part of investigation, all 
simulation setups and parameter settings are kept the same as the previous one, but SSMF with D=16ps/(nm⋅km) 
and dispersion-compensating fiber (DCF) for compensating an accumulated dispersion of 1280ps/nm were used. 
Fig.3 (a)-(c) show the results for the given dispersion schemes (A), (B) and (C). Comparing Fig.2 and Fig.3, these 
behaviors of Q-penalties are generally very similar to the previous case with NZDSF but the Q-penalties are smaller 
because of the stronger local dispersion of SSMF. The larger dispersion coefficient also has a significant influence 
in case of pre-compensation, where the Q-penalty starts at much higher launch power around 6dBm, as shown in 
Fig.3 (c). In this case the signal quality for 20Gbps and 40Gbps at higher launch powers is severely deteriorated so 
that the corresponding penalties are not considered for investigation. 
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Fig. 3. Q-penalties of 8Gbps, 10Gbps, 20Gbps and 40Gbps for the different compensation schemes, simulated with SSMF
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We should note that for lower bit rates (8Gbps and 10Gbps) negative Q-penalty shows up at small launch powers 
if NZDSF fiber is used. In this regime, adding noise at TX has better performance than adding noise at RX. 
This can be interpreted as follows: If the system is operating with lower launch power, the nonlinear phase 
noise is not strong enough to disturb DPSK detection. However, the SPM effect can still cause frequency shift for 
the noise. This frequency shift then interacts with the dispersion as known from dispersion supported transmission, 
and noise can be washed out from the center of the bit window leading to reduced intensity fluctuations around the 
sampling instant. In the contrary, if the noise is added at RX, there is no noise wash-out effect and the original noise 
has direct impact on the slightly distorted signal at lower launch power. 
This phenomenon of noise wash-out is strongest at 8Gbps. Therefore we use this uncommon bit rate to explain 
the noise behavior. In order to confirm our findings, we evaluate the standard deviation (STD) of the signal intensity 
and STD of the signal phase for all sampling points within one-bit duration. Fig.4 (a)-(c) shows the results for the 
different dispersion maps and a launch power of -4dBm. Curves with circle symbols show the case of adding noise 
at RX and curves with square symbols show the case of adding noise at TX. Interestingly two peaks shows up in the 
STD of optical intensity in the case of adding noise at TX. This implies the noise shifts towards the both sides of the 
pulse center and confirms that the frequency shift of noise interacts with the dispersion during transmission. As to 
the case of dispersion map (C), shown in Fig.4 (c), there are no such obvious penalty in intensity STD, but it’s 
corresponding phase STD is very small so that similar amount of negative Q-penalty is still observed. 
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Fig. 4 (a). STD of optical intensity (left) and phase (right) within one-bit duration for dispersion map (A)
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Fig. 4 (b). STD of optical intensity (left) and phase (right) within one-bit duration for dispersion map (B)
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Fig. 4 (c). STD of optical intensity (left) and phase (right) within one-bit duration for dispersion map (C) 
 
4. Conclusion 
 
We investigated the impact of nonlinear phase noise in single-channel DPSK systems for various bit rates. Fiber 
types as well as dispersion schemes also have significant influence on the Q-penalty caused by the nonlinear phase 
noise. In general, the Q-penalty decreases with rising bit rates and the nonlinear phase noise becomes less dominant 
when the bit rate is higher than 20Gbps. Also from these simulation results, pre-compensation schemes are more 
robust to the nonlinear phase noise than post-compensation schemes. The tolerance is around 2dB of launch power. 
SSMF also shows more tolerance to the nonlinear phase noise than NZDSF. Furthermore, we observed that optical 
noise can be washed out from the bit center during propagation. 
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